T here are many contradictions concerning the regulation and modulation of eicosanoid release. It has been suggested that Ca 2+ , well known as an activator of phospholipases, plays a key role in eicosanoid synthesis. 1 -3 Several articles have dealt with the relation between cytoplasmatic Ca 2+ concentrations and prostaglandin I 2 (prostacyclin [PGI 2 ]) production. 4 - 7 Jaffe et al 4 reported the correlation between thrombin-induced PGI 2 production, inositol triphosphate (IP 3 ), and cytosolic free Ca 2+ . Using the Ca -channel blocker verapamil, they could not demonstrate an effect on basal or thrombininduced intracellular Ca 2+ levels or PGI 2 production. In contrast to Jaffe et al, who did not detect a thrombinstimulated Ca 2+ influx into endothelial cells, Hallam et al 5 suggested that prolonged (more than 2 minutes) PGI 2 biosynthesis depends on the influx of Ca 2+ across the plasma membrane. In their experiments omission of extracellular Ca 2+ reduced the thrombin-stimulated PGI 2 accumulation by approximately 40%. Several investigators have suggested a dose-dependent relation between intracellular Ca 2+ and PGI 2 release in response to different agonists. 6 - 7 Carter et al 7 reported that the activation of protein kinase C alters the sensitivity of endothelial PGI 2 production to intracellular Ca 2+ .
Other authors have reported that PGI 2 is a stimulator of adenylate cyclase in endothelial cells and have proposed a self-regulated prostaglandin production by means of an adenosine 3',5'-cyclic monophosphate (cAMP)-mediated negative-feedback mechanism. 8 - 9 In contrast, Egan et al 10 and Brotherton and Hoak 11 have reported that PGI 2 biosynthesis in cultured vascular endothelium is limited by the deactivation of cyclooxygenase that occurs by self-oxidation during catalysis.
Because it is known that human endothelial cells are able to synthesize PGI 2 as well as thromboxane A 2 (TxA 2 ), 12 
"
15 it was of interest to investigate whether the stimulants ATP, ADP, and thrombin at physiologically relevant concentrations 16 -17 differ in their influence on eicosanoid production, cAMP formation, and cytosolic free Ca 2+ . The first part of this study deals with the investigation of the time dependence of eicosanoid production, intracellular cAMP formation, and cytosolic free Ca 2+ , using ADP, ATP, and thrombin, which act on different cellular sites. Furthermore, ionophore A23187, adenosine, caffeine, phorbol 12-myristate 13-acetate (PMA), and adenosine 5'-(a,/J-methylene)triphosphate were tested alone and in combination with ATP and thrombin. In the second part of this study, the influence of extracellular Ca 2+ on the initiation, maintenance, and extent of eicosanoid production was investigated.
Methods

Cell Culture
Human umbilical veins were prepared using a modified standard procedure. 18 Briefly, fresh human umbilical veins were filled with a 0.1% (vol/vol) collagenase solution and incubated at 37°C for 5 minutes. Then the veins were perfused with medium 199 (GIBCO, Grand Island, N.Y.) containing 20% pooled human serum (pH 7.4). Cells were collected from the perfusate by centrifugation at 800g for 5 minutes and seeded into T-75 culture flasks precoated with human fibronectin (Biomedica). Cells were cultured in medium 199 (pH 7.4) containing 20% human serum, 100,000 units/1 penicillin (GIBCO), 100,000 /ig/1 streptomycin (GIBCO), 100,000 units/1 low-molecular-weight heparin (Sigma Chemical Co., St. Louis, Mo.), and 30 mg/1 bovine hypothalamic growth factor (Biomedica). The confluent primary monolayers (approximately 8 x 10 6 cells/ flask) were washed and trypsinized. Cell suspensions were transferred into each well of a 24-well culture plate and cultivated for 4 days. Only cells from these first subcultures were used for the experiments described below. The average cell density in all experiments was 75.731 ±9.123 cells/cm 2 (mean±SD). The cells were identified as endothelial cells by the typical contact-inhibited morphology, otherwise known as cobblestone, 19 and by factor VIII staining. 20 No contamination by myocytes or fibroblasts could be detected in the first subculture.
Stimulation of PGI 2 and TxA 2 Release and IntraceUidar cAMP Formation
For the stimulation experiments, the culture medium was removed and the cell layers were gently washed with prewarmed (37°C) phosphate-buffered saline (PBS) and incubated with 270 u\ prewarmed (37°C) RPMI-1640 medium (GIBCO) (pH 7.4, without the supplements described above) for 1 hour at 37°C. The cells were then stimulated for 5-600 seconds by adding 30 /xl of a solution containing one of the following substances: ATP, ADP, adenosine, human thrombin, calcium ionophore A23187, caffeine, PMA, or adenosine 5'-(a,/3-methylene)triphosphate. All substances were purchased from Sigma. The final concentrations yielded in the experiments were as follows: ATP, ADP, and adenosine, 1 mmol/1; thrombin, 1 unit/ml; ionophore A23187, 15 /unol/1; caffeine, 100 /unol/l; PMA, 1 junol/l; and adenosine 5'-(a,£-methylene)triphosphate, 1 mmol/1. The purity of all substances used was 99±1%. At the end of the incubation period the superaatants were transferred into micro test tubes containing indomethacin (30 /tmol/1, final concentration) to avoid further formation of eicosanoids. Each experimental procedure was performed three times on seven different cell lines. The supernatants were stored in the presence of 30 /imol/1 indomethacin at -70°C. To inhibit further changes in the concentration of intracellular cAMP, 200 jd NaN 3 buffer (pH 6.0) containing 1.2 jig/ml dipyridamole was added to the cell layers. Cells were immediately frozen, stored at -70°C, and cracked by thawing before performing the assays.
Influence of Extracellular Ca 2+ on Eicosanoid Production and cAMP Levels
To investigate the influence of extracellular Ca 2+ on the synthesis of PGI 2 , TxA 2 , and cAMP, the cells were washed and preincubated with 270 /xl Ca 2+ -free PBS containing 0.4 mol/1 ethylene grycol-bisO-aminoethyl etheO-A W A^A T -tetraacetic acid (EGTA) for 60 minutes. Thereafter the cells were stimulated with ADP, ATP, ionophore A23187, or thrombin as described above. After 600 seconds the supernatants and cells were treated as described previously.
Measurement ofPGI^ TxA^ and cAMP
Direct radioimmunoassays (RIAs; BIOTECX) were carried out to determine the concentrations of 6-ketoprostaglandin Fl a (6-keto-PGFi 0 ) and TxB2, the stable degradation products of PGI 2 and TxA^ respectively. There was no evidence of interference with the RIAs by the RPMI-1640 medium itself or any of the other substances used. The intra-assay coefficient of variation was 7.4% for the TxB2 RIA and 6.6% for the 6-ketoPGFi a RIA. The interassay coefficient of variation was 10.5% for the TxBj RIA and 12.5% for the 6-keto-PGF lo RIA. The sensitivity was 0.3 nmol/1. The specificity and reliability of the assays for PGI 2 and TxA 2 were confirmed by the use of the cyclooxygenase inhibitor indomethacin as well as the TxA 2 synthetase inhibitor OKY-046, as reported recently. 12 The cAMP content of the cell lysates was determined by an RIA (IMMUNOTECH) based on the competitive-binding principle. The cross-reactivities (percent) of the monoclonal antibody were reported to be 100% for cAMP, 0.0025% for guanosine 3',5'-cyclic monophosphate, 0.0014% for adenosine 5'-monophosphate, and 0.14% for ATP.
Determination of Intracellular Free Ca
2+
The Ca 2+ concentrations were determined and calculated as described elsewhere. 21 After trypsinization of confluent monolayers of first subcultures, the cell suspension was centrifuged for 10 minutes at 800 rpm and the pellet resuspended in Hanks' balanced salt solution (HBSS) buffer (140 mmol/1 NaCl, 3.9 mmol/1 KC1, 0.5 mmol/1 Na 2 HPO 4 , 0.7 mmol/1 KH 2 PO 4 , 11 mmol/1 glucose, 0.5 mmol/1 MgCl 2 , 2.2 mmol/1 CaCl 2 , and 20 mmol/1 A r '-2-hydroxyethylpiperazine-A f '-2-ethanesulfonic acid [HEPES] ). Then fura-2AM (Calbiochem Corp., La Jolla, Calif.) solution (1 mg in 1 ml dimethyl sulfoxide) was added to a final concentration of 10 ixg/ml, and the cell suspension was incubated for 30 minutes at 37°C. After rinsing twice and centrifuging with HBSS buffer, the cell suspension was diluted to 5-6x10* cells/ml. Measurement was performed with 200 fil of cell suspension in 2.3 ml prewarmed HBSS buffer (excitation, 342 nm; emission, 492 run). Twenty-five microliters of a 100-fold-concentrated stimulant solution was added. Calibration was done by adding 50 fi\ EGTA solution (0.4 mol/1 EGTA in 1.5 mol/1 tris(hydroxymethyl)aminomethane [Tris]), 25 /z.1 Triton (10% [vol/vol] Triton X-100), and 50 //.I 1 mol/1 CaCl 2 solution. The zero calibration was performed with HBSS buffer. In the case of the experiments performed in Ca 2+ -depleted media, EGTA was added to the HBSS buffer (without Ca 2+ ) at the beginning of the measurement.
To exclude PMA-induced damage of the cell membrane leading to an artifactual Ca 2+ influx, intracellular ATP, as well as the release of lactate dehydrogenase (as markers for cell viability), was measured. Both parameters were unchanged under the experimental conditions compared with the controls (data not shown), To confirm the measurement of Ca 2+ , we investigated in further experiments the timing and the increase of IP3, the second messenger for the regulation of cytosoUc Ca 2+ , in cell monolayers (data not shown). IP 3 reached a maximum after 10-20 seconds and was degraded to inositol monophosphate. ATP increased the IP3 formation by 84%, ionophore A23187 by 317%, and thrombin by 727%. These results correlate well with the increases of cytosolic free Ca 2+ found in our experiments. PMA failed to elevate IP3.
Eicosanoid Release and Its Relation to Changes in Intracellular cAMP and Free Ca
2+
In another series of experiments the influence of different substances known to influence eicosanoid forleading to the conclusion that concentrations of 1 /imol/1 PMA leave cells undamaged.
Control experiments were performed with cells attached to CYTODEX microcarriers to avoid destruction of membrane receptors by proteoh/tic enzymes. In these experiments differences in neither the percent increases of cytosolic free Ca 2+ level nor the timing of the calcium responses were observed between trypsinized and microcarrier-attached cells.
Statistical Analysis
For determination of significance the results were subjected to a matched-pairs t test.
Results
Time Dependence of Eicosanoid Release
Incubating the cells with 1 mmol/l ATP caused a statistically significant (p<0.01) release of PGI 2 and TxA 2 that was first noticed after 45 seconds ( Figures 1A  and IB ). Significant production of PGI 2 and TxA 2 , higher than baseline levels, was detected 45-600 seconds after addition of ATP. Different characteristics in the time dependence of the two eicosanoids were not detectable. Intracellular cAMP concentration was ob- Ado, adenosine; PMA, phorbol 12-myristate 13-acetate; APCPP, adenosine 5'-(a,0-methylene)triphosphate; NT, not tested.
•Significant differences between controls and stimulants (/><0.001).
mation was investigated (Table 1) . Because maximum increases in eicosanoid production and cAMP formation were found 600 seconds after onset of the stimulant, only these values are reported. The intracellular free-Ca 2+ concentrations represent the peak concentrations usually found 20-30 seconds after the start of the experiments.
In addition to inducing PGI 2 , TxA^ and cAMP formation, ADP, ATP, thrombin, and PMA also stimulated an increase of cytosolic free-Ca 2+ levels from 190.3±9.5 nmol/1 to l,900±45 nmol/1 within 20-30 seconds, as summarized in Table 1 . A slight decrease of intracellular Ca 2+ was observed in the case of adenosine 5'-(a,/J-methylene)triphosphate, which neither increased eicosanoid or cAMP formation by itself nor influenced the ATP-induced effects on PGI 2 , TxA 2 , or cAMP formation. On stimulating the cells with adenosine only, an augmented cAMP formation was noticed. Preincubation with the P r receptor blocker caffeine showed no effect on the tested parameters. Simultaneous preincubation with ATP yielded results that were similar to those reached by incubation with ATP alone. On stimulating the cells with PMA, a direct activator of protein kinase C, an enormous increase of free Ca 2+ was detected, whereas eicosanoid and cAMP production was not influenced. The ATP-mediated effects on eicosanoid production were totally blocked by PMA, whereas the thrombin-induced effects were enhanced by approximately 11%. The measurement of cytosolic free Ca 2+ by using the ionophore A23187 as a stimulant could not be performed because of the agent's inherent fluorescence.
To investigate the influence of eicosanoid formation on intracellular cAMP levels, the cells were preincubated with 30 jtmol/1 indomethacin. PGI 2 and TxA 2 production was inhibited by 96-100%, but the intracellular cAMP levels were not changed (data not shown).
Influence of Extracellular Ca
2+
In comparison to the stimulations carried out in the presence of 2.2 mmol/1 Ca 2+ , extracellular Ca 2+ depletion had nearly no effect on ionophore-, thrombin-, or PMA-induced PGI 2 release. In contrast, ATP and ADP stimulation in Ca 2+ -depleted medium caused a slight increase in PGI 2 ( Figure 2A) and TxA 2 formation (data not shown). No significant changes in intracellular cAMP levels were found after stimulations performed in Ca 2+ -depleted medium ( Figure 2B ).
On incubating the cells with Ca 2+ -depleted medium, the baseline cytosolic free-Ca 2+ concentrations decreased by approximately 50% within 300 seconds and thereafter remained at a stable value of 95 ±9 nmol/1 for as long as 60 minutes. Stimulating the cells with ADP, ATP, thrombin, or ionophore A23187 resulted in a similar time-dependent response, as observed with medium containing Ca 2+ , but the increase of intracellular Ca 2+ during stimulation with various substances was not so pronounced. The rise in intracellular free Ca 2+ , starting from the new baseline value, was diminished by 82% for ATP, 80% for ADP, and 77% for thrombin. In the presence of PMA no significant change of intracellular Ca 2+ could be measured ( Figure 2C ). Discussion The regulation mechanism of eicosanoid biosynthesis in endothelial cells is a well-discussed problem. To clarify the role of intracellular cAMP and cytosolic free Ca 2+ as second messengers as well as the necessity of extracellular Ca 2+ , we investigated the influence of substances for which different points of action were reported. The increase of intracellular free Ca 2+ is suggested to play a key role. This increase could result from direct transport by Ca 2+ ionophores, or it could be mediated by different receptors, for example, the P 2 -purinoceptor 2 -36 or the thrombin receptor. 22 Furthermore, a regulatory function of intracellular cAMP, was reached between 20 and 30 seconds after stimulation, whereas the first statistically significant increase in eicosanoid release was detected 45 seconds after stimulation, followed by a continuous increase for as long as 600 seconds. Because the biosynthesis of PGI 2 and Tx A 2 requires the increased availability of their precursors, it might be speculated that Ca 2+ triggers arachidonic acid release by activation of membrane-bound Upases within 20-30 seconds.
The stimulation of adenylate cyclase by various stimulants or by PGI 2 itself and the subsequent elevation of intracellular cAMP are suggested to inhibit further endothelial PGI 2 production. 8 -9 On the other hand, Hong 25 reported that inhibition of PGI 2 production by methylisobutylxanthine is probably through mechanisms other than the elevation of cAMP levels. Consistent with the work done by Hong, we also failed to find a regulatory function for cAMP elevation. In our experiments the increase in cAMP level was statistically significant only after 120 seconds of stimulating the cells with ATP or ADP, whereas ionophore A23187 or thrombin did not induce a significant increase of intracellular cAMP levels. Therefore, an involvement of this cyclic nucleotide in the cleavage of arachidonic acid or eicosanoid synthesis at the level of cyclooxygenase, TxA 2 synthetase, and PGI 2 synthetase may be excluded, at least in the short-term regulation of the eicosanoids. This is supported by our observation that cAMP elevation, by inhibiting phosphodiesterase activity with dipyridamole, did not influence eicosanoid synthesis (data not shown). This observation is in accordance with Boeynaems et al, 26 who observed that dipyridamole did not influence the ADP-induced biosynthesis of PGI 2 in aortic rings.
In the second part of the present study, the influence of ADP, ATP, thrombin, and ionophore A23187 on intracellular free Ca 2+ was investigated to gather information about the regulatory mechanisms involved. Each substance was used in concentrations that yielded significant increases of both PGI 2 and TxA 2 biosynthesis. 1215 All the substances induced a rapid increase of cytosolic free Ca 2+ . To elucidate the role of the two different purinoceptors P! and P 2) adenosine, 27 a potent agonist of the P r purinoceptor, adenosine 5'-(a,/3-methylene)triphosphate, 27 : 28 a nonhydrolyzable ATP analogue, and caffeine, 27 Another substance tested in our experiments was PMA, an analogue of diacylglycerol, which selectively activates protein kinase C. 29 Protein kinase C has been suggested to uncouple the phospholipase C activation system. 30 The influence of PMA on intracellular freeCa 2+ levels has been controversial until now. 4 -22 PMA, which in our experiments led to a strong, reversible, and 3-independent Ca 2+ influx (data not shown), did not stimulate eicosanoid production. De Groot et al, 22 who investigated the uptake of extracellular radioactive Ca 2+ , obtained similar results. Therefore, it is obvious that the sole influx of extracellular Ca 2+ into the endothelial cells is not sufficient to stimulate eicosanoid production. Experiments using combinations of PMA/ ATP or PMA/thrombin yielded surprising results. Whereas ATP was unable to induce eicosanoid biosynthesis in the presence of PMA, thrombin induced an enhanced production. The increase of intracellular IP 3 in the presence of PMA was equal to that observed using ATP or thrombin alone. Whether these findings are explainable by the fact that ATP and thrombin receive arachidonic acid via different lipase systems or by an effect of PMA on P 2 -receptor-linked processes must be investigated further.
The literature suggests that the influx of extracellular Ca 2+ is necessary for the release of von Willebrand factor from endothelial storage pools 22 and of catecholamines from bovine chromaffin cells. 31 To clarify the controversial role of extracellular Ca 2+ in eicosanoid production, In our experiments the increase of intracellular Ca 2+ was reduced by 82% for ATP, 80% for ADP, and 77% for thrombin in comparison to the experiments performed in the presence of Ca 2+ . On the other hand, only small differences in PGI 2 , TxA 2 , and cAMP production after thrombin or ionophore stimulation were observed, whereas ATP-and ADP-induced eicosanoid production was slightry higher. In contrast to Pickett et al, 32 who found an enhanced prostaglandin synthesis by blood platelets in a Ca 2+ -depleted medium after stimulation with ionophore, we failed to record an additional increase of eicosanoid production in endothelial cells in the absence of extracellular Ca 2+ after ionophore stimulation. In summary, we have shown that extracellular Ca 2+ plays no active role in initiating and maintaining eicosanoid biosynthesis. Furthermore, the start of eicosanoid production is closely associated with the I P r triggered release of cytosolic free Ca 2+ from intracellular stores. However, this association does not prove that Ca 2+ ions are causally involved.
